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Applied peptidomics: A PK active core analog incorporating a novel transPro conformational-
mimetic motif, the dihydroimidazole moiety, was found to demonstrate pure, selective
agonism in pyrokinin (PK) family bioassays. A second PK core analog incorporating the
dihydroimidazole moiety proved to be an antagonist of the diapause-termination activ-
ity  of another PK assay. The dihydroimidazole analogs feature a modiﬁcation adjacent to
the  primary tissue-bound peptidase hydrolysis site that is expected to enhance biostability
over natural PK peptides identiﬁed by peptidomics. The research identiﬁes a novel scaffold toHelicoverpa
Pest control
Spodoptera
design mimetic PK analogs as potential environmentally favorable pest management agents
capable of disrupting PK-regulated systems.
Published by Elsevier B.V. on behalf of European Proteomics Association (EuPA). 
ily has been shown to stimulate sex pheromone biosynthesis
Open access under CC BY-NC-ND license.1.  Introduction
The pyrokinin (PK) family of peptides plays a multifunctional
role in the physiology of insects. In 1986 the ﬁrst member of
the family, leucopyrokinin (LPK), was isolated from the cock-
roach Leucophaea maderae [1] with over 100 members of this
peptide class identiﬁed thereafter, in large measure via recent
peptidomic studies that directly analyze neural tissues. Fur-
ther, PK peptides are encoded in two genes (PK and CAPA) in
most insect species studied so far [2]; and a single Schistocerca
species can process up to 10 pyrokinin sequences [3]. All family
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2212-9685/Published by Elsevier B.V. on behalf of European Proteomicsmembers share the common C-terminal pentapeptide FXPRL-
amide (X = S, T, G or V), although rare modiﬁcations to the core
pentapeptide have been observed in the cockroach (Y for F) [1]
and in stink bugs (T for P; and M for R) [2] and include subfam-
ilies such as PKs, myotropins (MTs), PBAN, diapause hormone
(DH), melanization and reddish coloration hormone (MRCH),
pheromonotropin (PT), as well as pheromonotropic  and 
peptides derived from the cDNA of moths [1]. The PK fam-in moths [1,4–6], and mediate critical functions associated
with feeding (gut contractions) [1,7,5,8], development (egg dia-
pause, pupal diapause and pupariation) [1,9–11] and defense
 Association (EuPA). Open access under CC BY-NC-ND license.
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Fig. 1 – Comparison of a trans-Pro conﬁguration (right) and
the (E)-alkene trans-Pro mimetic ‘Etzkorn’
(Ser[(E) CH C]Pro) motif (left). In this motif, the peptide
bond that binds the amino group of the Pro is locked into a
trans orientation by replacement with a double bond,
which lacks the ability to rotate between trans and cise u  p a o p e n p r o t e o m i
melanin biosynthesis) [1,7,8] in a variety of insects. The pep-
ides do not exhibit species speciﬁcity and experiments have
hown that all of the functions listed above can be stimulated
y more  than one peptide [1,7,10], and that the C-terminal
entapeptide common to the PK neuropeptide class retains
ctivity in each of the disparate functions. Although neuro-
eptides of the PK family are potent regulators of physiological
rocesses critical to insect survival, they hold little promise as
est management agents because they are subject to rapid
egradation by peptidases in the hemolymph, tissues and gut
f pest insects.
Members of the PK family are hydrolyzed, and there-
ore inactivated, by tissue-bound peptidases of insects [1,12].
peciﬁcally, the PKs are hydrolyzed by tissue-bound pep-
idases at a primary susceptibility site between the P
nd R residues within the general C-terminal pentapeptide
equence that deﬁnes members of this family of neuro-
eptides [12].
To overcome the limitations inherent in the physical char-
cteristics of peptides, the development of peptidomimetic
nalogs has become an important strategy for improving
he therapeutic potential of peptides. Peptidomimetics is
 broader term used to refer to pseudopeptides and non-
eptides designed to perform the functions of a peptide.
enerally these peptidomimetics are derived by the struc-
ural modiﬁcation of the lead peptide sequence to overcome
 number of metabolic limitations, such as proteolytic degra-
ation that restrict the use of peptides as therapeutic and/or
grochemical control agents [13]. One such peptidomimetic
pproach is the incorporation of bulky or sterically-hindered
esidues adjacent to hydrolysis susceptible peptide bonds.
his approach has led to the development of biostable mimetic
nalogs of several insect neuropeptide families (including the
yrokinins) that have demonstrated aphicidal activity that
pproaches or exceeds the potency of commercially avail-
ble aphicides, whereas the natural peptides remain inactive
14–16]. Another peptidomimetic approach is the incorpo-
ation of a biostable, isosteric replacement motif for the
ydrolysis susceptible peptide bond; and is the subject of this
ini-review.
In this manuscript, we review recent research undertaken
o provide deﬁnitive evidence of the importance of a trans
riented Pro for a wide spectrum of PK bioactivities and to
dentify a novel transPro mimetic motif that can serve as a
ovel scaffold in the development of mimetic PK agonists or
ntagonists with greater selectivity and biostability than the
lethora of natural neuropeptide sequences revealed by pep-
idomics.
.  Results  and  discussion
he C-terminal pentapeptide FXPRLa is highly conserved
nd thus, shared by the PK family of neuropeptides. This
entapeptide has further been identiﬁed as the active core
n pheromonotropic bioassays (X = S) [1,5,7,8] and in an
xpressed PBAN receptor assay from the moth Heliothis
irescens [4] and Spodoptera littoralis [7,10], although the C-
erminal hexapeptide YFXPRLa (X = S) exhibits much greater
otency. In the pupal diapause termination assay of theorientations as does a normal peptide bond [4,7,9].
heliothine insect Helicoverpa zea the active core for full activ-
ity has been identiﬁed as the larger C-terminal heptapeptide
sequence LWFGPRLa [9], although the C-terminal pentapep-
tide does elicit a less potent response. The C-terminal
pentapeptide common to the PK class has also been found to
retain signiﬁcant activity in other bioassays, such as melan-
otropic, pupariation, diapause-break and hindgut myotropic
preparations.
Nachman et al. conducted a conformational study of the
rigid, cyclic PK/PBAN analog cyclo[NTSFTPRL] (cyclo[Asn1]LPK)
in aqueous solution containing no organic solvents using a
combination of NMR  spectroscopic and molecular dynamics
calculations [5,8]. The speciﬁc conformation of this con-
strained, cyclic analog in aqueous solution was shown to
be extremely rigid, featuring a trans-oriented Pro in the sec-
ond position of a type-I -turn over residues Thr-Pro-Arg-Leu
within the core region. A transPro is a deﬁning characteristic
of a type I -turn [5,8].
Despite the conformational constraint imposed upon the
cyclic PK analog cyclo[Asn1]LPK, it was found to retain a highly
signiﬁcant portion of the pheromonotropic activity of the 33-
residue Bom-PBAN-I in a pheromonotropic bioassay in the
silkworm Bombyx mori. The analog cyclo[Asn1]LPK was also
found to retain signiﬁcant bioactivity in several other PK bioas-
says, including hindgut contractile (cockroach L. maderae),
oviduct contractile (cockroach L. maderae), egg diapause induc-
tion (silk worm B. mori), diapause termination in the moth H.
zea, pupariation (ﬂesh ﬂy Neobelieria bullata) assay systems,
and termination of pupal diapause in heliothines [5,8,9].
2.1.  (E)-alkene,  trans-Pro  isostere
In order to provide more  deﬁnitive evidence that a transPro,
and a type I -turn, represented the active conformation for
the PK neuropeptide class, the PK analog PK-Etz (Ac-Tyr-Phe-
Ser[(E) CH C]Pro-Arg-Leu-NH2), incorporating a transPro
isostere (‘Etzkorn’: Ser[(E) CH C]Pro), was evaluated in ﬁve
diverse PK bioassay systems and on a recombinant PK GPCR
receptor cell line. In PK-Etz,  the peptide bond of the Pro is
replaced with a rigid double bond that locks in the trans ori-
entation [4,7] (Fig. 1).
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Fig. 2 – A comparison of the ‘Jones’ dihydroimidazole
mimetic motif (left) and a trans-peptide bond conﬁguration
Fig. 3 – Within the circled portion of the computer graphics
illustration is a superposition of a trans-peptide bond
preceding Pro (green) with the dihydroimidazole (‘Jones’)
motif (red) that indicates that this motif can function as a
surrogate for a transPro. From Nachman et al. [10]. (For
interpretation of the references to color in this text, the
reader is referred to the web version of the article.)(right).
The bioassays used were the pheromone biosynthesis
assay in the moth Heliothis peltigera, the melanization assay
in the Egyptian cotton leaf worm S. littoralis, the pupariation
assay in the ﬂeshﬂy, N. bullata,  the hindgut myotropic assay
in the cockroach L. maderae, and the diapause termination
assay in the moth H. zea [7]. Analog PK-Etz demonstrated
activity essentially equivalent to parent PK analogs of equal
length in four of the bioassay systems [7,9] and on the recom-
binant HevPBANR receptor cell line [4]. In the melanization,
pheromonotropic, pupariation and hindgut contractile assays,
as well as with the expressed HevPBANR receptor, PK-Etz
matched or approached the activity of natural PK isomorphs.
The potent agonist activity of PK-Etz provides strong evidence
that a transPro represents an important conformational aspect
of the interaction of PK hormones with their receptors in the
six disparate PK bioassay systems, each representing a differ-
ent insect species.
2.2.  Dihydroimidazole  (‘Jones’)  motif
The dihydroimidazole moiety has been previously introduced
by Jones and coworkers as a peptide bond isostere (with an
amidine as an amide bond replacement) [10]. Until recently
[10], it had not been previously proposed as a mimic  of a trans
peptide bond. Nachman et al. proposed that the dihydroim-
idazole moiety can function as a mimic  or surrogate of the
trans peptide bond, and in particular, a transPro, locking a trans
orientation within the constrained ﬁve-membered dihydroim-
idazole ring (Fig. 2).
However, whereas the molecular modeling suggests that
the dihydroimidazole moiety can function as a mimic  of a
transPro (Fig. 3), it is clear that it is not an exact mimic; and fur-
thermore, is not as close a mimic  as is the (E)-alkene moiety
mentioned above [4,7,10]. Therefore, analogs containing the
dihydroimidazole moiety provide an opportunity for either a
selective agonist interaction with closely related PK receptors
or as an antagonist, as some receptors may display more  toler-
ance to small deviations from the transPro structure of natural
peptides than others.
2.3.  A  selective  PK  agonistIncorporation of the transPro surrogate, dihydroimidazoline
(‘Jones’) moiety into a PK/PBAN C-terminal hexapeptidesequence led to analog PPK-Jo (Ac-YF[Jo]RLa) [10]. PPK-Jo
demonstrated strong activity in the in vivo S. littoralis melan-
otropic assay, matching the efﬁcacy of PBAN and LPK at a
dose of 100 pmol. Unlike the parent PK/PBAN hexapeptide YFT-
PRLa, PPK-Jo is a pure melanotropic agonist in the S. littoralis
assay. PPK-Jo failed to elicit signiﬁcant agonist (or antagonist)
activity in three other PK bioassays; i.e., an in vivo H. peltigera
pheromonotropic assay, an in vivo N. bullata pupariation assay,
and in an in vitro cockroach L. maderae hindgut myotropic assay
[10]. Therefore, PPK-Jo is a pure, selective agonist for the melan-
otropic assay. It is apparent that the receptor associated with
the melanotropic assay in S. littoralis is more  promiscuous than
those of the other PK assays, demonstrating more  tolerance to
deviations from the natural transPro structure.
2.4.  A  PK  antagonist
Most insects, including heliothine insects, have evolved a
period of dormancy to escape the debilitating effects of
inclement weather conditions such as winter. Another mem-
ber of the PK neuropeptide family, the diapause hormone (DH),
has been shown to terminate this protective state of diapause
in pupae of heliothine moths [9,11]. In very recent studies, the
dihydroimidazole (‘Jones’) motif was incorporated into the C-
terminal heptapeptide active core region (LWFGPRLa) of DH
[11], transforming a DH agonist into an antagonist capable of
blocking the diapause termination activity of the native hor-
mone in H. zea. The antagonist DH-Jo (Ac-LWA[Jo]RLa) at a
dose of 2 nmoles can block over 50% of the diapause termina-
tion activity of native DH hormone [11]. This novel antagonist
development strategy has provided the ﬁrst known antagonist
of this important regulatory peptide hormone (Fig. 4).
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Fig. 4 – Structure and antagonistic activity of DH-Jo on diapause termination. Diapausing H. zea pupae were  co-injected with
100 pmol of DH and 2 nmol of DH-Jo. A signiﬁcant difference in activity is denoted by asterisks (P < 0.001). Arrows indicate
that the Jones motif mimics a trans-oriented peptide bond, including a transPro conﬁguration. From Zhang et al. [11].
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dThe diapause hormone antagonist DH-Jo can be added
o a growing arsenal of DH analogs capable of disrupting
iapause in heliothine insects, including potent biostable ago-
ist analog PK-2Abf-K (2Abf-Suc-FKPRLa) [9]. Unlike native
H, the biostable, hydrophobic agonist PK-2Abf-K can prevent
he onset of the protective state of pupal diapause following
reatment of the preceding larval stage [EC50 = 7 pmol/larva]
f the corn earworm (H. zea) [9] (Fig. 5). The analog leads
he pest insects to commit a form of ‘ecological suicide’. The
ctivity exhibited by both agonist analog PK-2Abf-K and antag-
nist analog DH-Jo suggest potential for using such agents or
ext-generation derivatives for derailing the success of over-
intering in pest species.
The dihydroimidazole motif in PPK-Jo and DH-Jo intro-
uces a major structural modiﬁcation adjacent to the peptide
ond connected to Arg in the PK core pentapeptide, which has
een identiﬁed as the primary tissue-bound peptidase suscep-
ible site of the PK core [1,5,7–10]. Therefore, it seems plausible
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ig. 5 – Dose-response curve for 2Abf-Suc-FKPRLa in the
iapause-prevention assay in H. zea. From Zhang et al. [11].that incorporation of the motif could enhance the biostability
of PK analogs.
Summary
Peptidomic studies have provided a great variety of pyrokinin
sequences from a variety of different insect genera and
species. The speciﬁc sequences provide a rich resource and
context with which to construct mimetic analogs that fea-
ture selective agonist and/or selective antagonist properties
in different receptor subtypes that mediate the spectrum of
PK-regulated physiological functions in insects. Incorpora-
tion of the dihydroimidazole motif, a transPro isostere, into
active core regions of the PK superfamily of peptides, provides
a unique strategy for the development of mimetic analogs
that can serve as either selective agonists or as antagonists
of the broad class of PK receptors. For instance, herein we
describe the incorporation of the transPro mimetic motif into
the PBAN/PK core sequence that yields a selective PK ago-
nist, whereas incorporation of this same motif into the DH/PK
core sequence leads to a selective PK antagonist. The strat-
egy offers a new avenue for the development of ways to
selectively interact with the large variety of receptor subtypes
associated with the PK superfamily, and will continue to be
aided by the addition of more  PK sequence variants provided
by peptidomic surveys of the vast number of insect species.
This strategy may also be applicable to the broader class of
PK-like peptides, such as the CAP2b/PVK (PRVamide) family,
for which a transPro has also been identiﬁed as an impor-
tant component of a successful ligand-receptor interaction
[17]. Such analogs provide leads in the development of novel
insect-speciﬁc, environmentally favorable pest management
agents capable of disrupting PK-regulated physiological sys-
tems.
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